ABSTRACT Two kinds of experiments were conducted with Aethina tumida Murray larvae over four temperatures: "consumption" experiments, in which larvae and diet were weighed to determine food consumption rates under conditions of unlimited food and few conspeciÞcs; and "competition" experiments, in which varying numbers of larvae were presented with the same amount of honey and pollen diet, and larval weight at Þnal instar was used to determine competition effects. In consumption experiments temperature, diet and their interaction all had signiÞcant effects on the ratio of larval weight to the weight of food consumed, which was higher at 24ЊC than at any other temperature. In competition experiments, three relationships were examined and modeled: that between the number of larvae per experimental unit and the average weight of those larvae; that between average larval and adult weights; and that between average adult weight and survivorship to adult (emergence rate). An exponential decay function was Þt to the relationship between number of larvae per experimental unit and their average weight. Average adult weight was linearly correlated with larval weight. Likewise, emergence rates for adults Ͻ11.6 mg in weight were linearly correlated with adult weights, but no signiÞcant relationship was observed for heavier adults. Using these relationships, the reproductive potential for A. tumida were estimated for a frame of honey and pollen. Information on resource acquisition by A. tumida will be useful in evaluating the impact of different factors on beetle population dynamics, such as bee hygienic behavior or control strategies used by the beekeeper.
with other A. tumida through competition for food. Some direct interactions with bees, like trophallactic mimicry by A. tumida, might beneÞt the beetles, but many other interactions, such as removal of beetle eggs and larvae, aggression, and social encapsulation (Neumann and Elzen 2004) would act to reduce beetle numbers or at least population growth. One way to evaluate the impact of direct and indirect bee interactions on beetle population dynamics in the Þeld would be by controlling as much as possible for the effects of other main factors, such as temperature and diet, as well as intraspeciÞc interactions, and then observing beetle population dynamics in the presence of bees. The objective of this study is to help quantify food acquisition rates and intraspeciÞc interactions for A. tumida as part of a larger project on modeling A. tumida population dynamics.
Temperature is known to affect A. tumida growth, development and survivorship (de Guzman and Frake 2007, Meikle and Patt 2011) . While temperature in bee hives is usually relatively constant, it can vary with seasons (Human et al. 2006 ) and so temperature effects need to be considered. Diet is a complex issue; A. tumida is known to feed on many foods, including pollen and honey (Ellis et al. 2002) , bee brood (de Guzman and Frake, 2007) , and fresh and rotten fruit (Arbogast et al. 2009 , Ellis et al. 2002 . However, beetles do not grow and reproduce at the same rate on those different foods Elzen 2004, Arbogast et al. 2010) . The kind of diet the beetles have can affect A. tumida pupation, oviposition, adult survivorship, and reproduction (Arbogast et al. 2009 (Arbogast et al. , 2010 Ellis et al. 2002; Meikle and Patt 2011) . Diet may have less impact on larval growth and survivorship; Meikle and Patt (2011) observed that larvae fed pollen, whether or not it was mixed with bee brood, had higher survivorship than those fed only bee brood, but growth rate and maximum size were not differentially affected by diet. Diet composition may inßuence the rate of diet consumption and the relationship between consumption and larval growth, which in turn might affect the maximum capacity for a given amount of food.
Given that beetle larvae and adults do very well on foods found in beehives, two issues that need to be addressed are: 1) How much food do A. tumida consume in conditions of unlimited food compared with conditions of limited food; and 2) What are the effects of competition on A. tumida in terms of growth and survivorship? In a bee hive, A. tumida larvae would likely be confronted with food quantity problems because of factors such as the seasonal availability of pollen and brood, reduced access to food because of direct interference by honey bee workers, and, when a collapsed hive is subject to an invasion by A. tumida, from competition from conspeciÞcs. In a dying or dead bee hive where there are few or no honey bee workers to defend brood or pollen, intra-speciÞc competition issues can emerge rapidly for A. tumida; Meikle and Patt (2011) reported that average daily fecundity per female on a honey and pollen diet at 32ЊC was over 20 eggs per day, with one female producing an average of over 50 eggs per day for 44 d. Estimates of food consumption and competition effects would be useful in modeling beetle population dynamics from early stages, with plentiful food and a low density of conspeciÞcs, to later stages with comparatively little food but more competition. Some larvae may get all they can eat, others get less than they could eat but enough to complete development to a healthy adult, while late-comers simply do not get enough to develop to a reproductive adult. Once beetle dynamics are understood independent of interactions with honey bees, then the bee interactions themselves can be studied and the role of bees in controlling beetle infestations can be quantiÞed. To get to this point, our study focused on resource acquisition, by measuring consumption of diet by larvae, and how that acquisition is modiÞed by intraspeciÞc competition. Thus two kinds of experiments were conducted: "consumption" experiments, in which both larval weights and food weights were monitored to determine food consumption rates under conditions of unlimited food and few conspeciÞcs; and competition experiments in which only larval weights were monitored to determine competition effects under conditions of low to high densities of conspeciÞcs and the same initial amount of food. Both kinds of experiments were conducted over a range of temperatures and, in the consumption experiments, of different diets.
Materials and Methods
Insect Rearing. Beetle rearing was similar to that described by Meikle and Patt (2011) . To rear A. tumida, 40 Ð50 adult beetles taken from lab cultures (founded with beetles caught in the vicinity of Weslaco, TX) were placed in an "oviposition chamber," an 8.5 ϫ 30 ϫ 21 cm plastic container containing Ϸ230 g standard pollen patty (see below) and a 10 ϫ 10 cm piece of brood comb with 10 ml of honey spread on it. Eggs for use in the experiments were collected by placing "oviposition slides" similar to those described by de Guzman and Frake (2007) and Meikle and Patt (2011) in the oviposition chamber. Oviposition slides were constructed by afÞxing one glass cover slip (18 ϫ 18 mm) at each end of a standard glass microscope slide (75 ϫ 25 ϫ 1 mm), using Superglue (Henkel Corp., Avon, OH), and then afÞxing a second slide on topÑthe oviposition site being the narrow space between the slides. Slides were examined for eggs about every 2 h and slides with sufÞcient numbers of eggs were removed and the eggs counted using a dissecting microscope. Larvae were kept in 120 ml polypropylene specimen vials with screw-on lids (Kendall vials, Tyco Healthcare, MA) and a 2 cm 2 hole was cut in each lid, over which a piece of nylon gauze was glued to facilitate respiration.
Diet. Protein cake, hereafter referred to as SPP (standard pollen patty), was prepared in batches of 10 kg and consisted of granulated sugar (44.2% by weight); Bee-Pro artiÞcial pollen (Mann Lake Ltd., Hackensack, MN) (32.2% by weight); bee-collected pollen (5.4% by weight); and water (18.3% by weight). Pollen and honey patties (hereafter referred to as "HP") were prepared in smaller batches (1Ð2 kg) and consisted of bee-collected pollen (61% by weight) and honey (Magic Valley Honey and Pollination, Pharr, TX) (39% by weight). Bee pupae, collected from local hives and stored at Ϫ15ЊC, were ground into the HP diet at two concentrations: one pupa per gram of diet (hereafter "HP1P") and one pupa per 10 g of diet (hereafter "HP.1P").
Consumption. Trials to determine the maximum consumption consisted of four diet treatments: SPP, HP, HP.1P, and HP1P at each of four temperatures: 24, 28, 32, and 34ЊC. Two replicate experiments were conducted at each temperature except at 34ЊC where one was conducted. For each experiment, one oviposition slide containing between 5 and 20 eggs was placed in each test vial. Approximately 2 g diet were weighed, added to each vial and replenished as needed; weight of any diet added during the course of the experiment was also recorded. Larvae and any remaining diet were weighed after 10 Ð12 d for the experiments at 24 and 28ЊC, and after 7Ð 8 d for those at 32 and 34ЊC. Because Þnal instar larvae cease feeding and lose weight as they start seeking a pupation site, and because larvae develop slower at 24 and 28ЊC (Meikle and Patt 2011) , larvae were weighed more than once at those temperatures and the maximum larval weight was used to provide the best estimate of larval weight gain. Vials containing diet without larvae were weighed at the same time to control for changes in diet moisture content, and diet weights in samples with larvae were adjusted accordingly. Moisture contents of the diets were measured by weighing six samples of Ϸ1.0 g in small plastic containers, drying the samples for 4 wk in a crystallizing dish containing silica gel, and then reweighing.
Competition. Trials for measuring competitive effects on the development and survival of immature A. tumida were conducted using HP diet. Two replicate experiments were conducted at 34ЊC, three at 24 and 32ЊC, and four at 28ЊC. Experimental vials were set up in the same manner as for the consumption trials but with two differences: 1) 1.0 g of diet was used, and diet was not replenished; and 2) the number of eggs per vial varied from 4 to 185 to induce competition effects. Each test vial was supplied with 1.0 g HP diet plus eggs on one or two oviposition slides. The number of vials per trial varied from 14 to 30. All of the last larval instars from each vial were counted and weighed (OHaus Corp., Pine Brook, NJ) just before being placed on soil for pupation. Vials were ranked by total larval mass within each experiment and the data for the heaviest 25% were used to estimate the conversion rate of food (1.0 g HP diet) to larval mass for that experiment. Data for those vials was used because all the food in those vials was consumed, and because high larval mass relative to other vials indicates that other density-dependent factors, such as feeding interference among larvae, were likely less important. Using 25% of the vials per experiment also resulted in a sufÞcient number of samples (15.8 Ϯ 2.6) per temperature.
Pupation vials consisted of specimen vials Þlled with at least 100 g of a sandy loam soil with a moisture content from 5 to 10% and covered with a lid with 5Ð 6 pinholes to allow respiration but prevent excessive drying. All pupation vials were kept at 28ЊC so that differences in emergence could be attributable to larval treatments. Adult beetles were counted and weighed as they emerged. To measure the fecundity of low-weight adults, 40 adults from the experiments conducted at 28ЊC, and weighing Յ6.0 mg each, were placed (unsexed) in an oviposition chamber as described above, with oviposition slides. The chamber was monitored for oviposition. The slides were monitored for the presence of eggs three times per week over 4 wk. The experiment was conducted twice.
Statistics and Modeling. Data were analyzed using SAS software (SAS Institute, Inc., Cary, NC). Analysis of variance (ANOVA) procedures (␣ ϭ 0.05) were conducted for linear mixed models using PROC MIXED (Littell et al. 1996) , for main effects and twoway interactions, with experiment number as the random effect where appropriate. Linear regression was evaluated using PROC GLM. For all experiments, experimental units were specimen vials and average values per vial were used in the statistical and graphical analyses. Proportion data, such as the ratios of weights of larvae to food consumed, were transformed as the arcsine of the square root. The Anderson-Darling test for normality (SAS Institute) was conducted before analysis. Degrees of freedom were calculated using the Satterthwaite method and residual plots were assessed visually for variance homogeneity. Post hoc contrasts of the least squares means differences were conducted for all signiÞcant factors, using the Bonferroni adjustment for the t-value probability. Testof-effect slices were used to evaluate signiÞcant interaction effects. In the event the data failed the normality test, a KruskallÐWallis ANOVA based on ranks was conducted (SigmaPlot 11.0) and DunnÕs method was used for post hoc comparisons.
Two nonlinear relationships were modeled by Þt-ting simple curves to data pooled across temperature treatments, in order estimate parameters of population growth. The relationship between the number of larvae per vial and larval weight was modeled using an exponential decay function:
where y ϭ average larval weight (mg), x ϭ larval density (no. larvae per vial), and a, b and c are Þtted coefÞcients. The relationship of emergence to adult weight was modeled in a two-step process using a program written in Cϩϩ (Qt Creator 1.3.1, Nokia Corporation). First, adult weights were ranked from heaviest to lightest, and a regression slope and associated t value was calculated using data for the 30 vials (as a minimum sample size) with the heaviest adult weights. Next, data for the vial with the next heaviest adult was added, thus using data for 31 vials, and a new regression line calculated. The process was continued until the end of the data set. The adult weight at which the t value of the regression slope was signiÞcantly different from zero was taken as an estimate of the weight at which adult weight inßuenced emergence rate. A new regression line was calculated using all data for adult weights less than or equal to that weight. This analysis assumes there is a weight below which emergence is a function of adult weight and above which it is not.
Results

Consumption.
The average number of larvae per vial per experiment varied from 4 to 15 larvae. Consumption data were evaluated with respect to average larval weight and to the ratio of larval weight to food consumed (hereafter the "larva to food ratio"). Larval weight data did not pass the normality test (P Ͻ 0.005) whether or not it was transformed, so an ANOVA based on ranks was conducted. That ANOVA showed that while temperature did have an effect on larval weight (H ϭ 36.79; df ϭ 3; P Ͻ 0.001), diet did not (P ϭ 0.57). That temperature affects the growth of A. tumida larvae is well known (de Guzman and Frick 2009, Meikle and Patt 2011) . Post hoc comparisons showed that average larval weights fell into two groups: those kept at 24 and 28ЊC weighed less on average than those at 32 and 34ЊC, but there were no differences within those two groups. Larvae were weighed at different ages for the different temperature treatments, at 10 Ð12 d for larvae kept at 24 and 28ЊC and at 7Ð10 d for larvae kept at 32 and 34ЊC, to allow for the slower development at the lower temperatures and to avoid weight loss among larvae that already reached their maximum weight. Thus, some of the difference may be attributed to the interaction between temperature and the physiological age of the larva.
Temperature (F ϭ 53.50; df ϭ 3, 191; P Ͻ 0.0001), diet (F ϭ 7.96; df ϭ 3, 211; P Ͻ 0.0001), and their interaction (F ϭ 3.69; df ϭ 3, 211; P ϭ 0.0003) all had signiÞcant effects on the ratio of larval weight to the weight of food consumed. The larva to food ratio was signiÞcantly higher at 24ЊC (P Ͻ 0.0001) than at any other temperature, with the average across all diets at 24ЊC in the consumption study of 0.53 Ϯ 0.02 g larvae per g food (Fig. 1) . While average values at 34ЊC were numerically higher than those at 28 and 32ЊC, differences were not signiÞcant. At 34ЊC diet became very sticky and difÞcult to separate from larvae and from their excretion, so those data should be interpreted with caution. With respect to diet, the only signiÞcant contrasts involved SPP diet, which had lower larva to food ratios than any other diet. Diet moisture contents were similar: SPP moisture content was 9.9 Ϯ 0.4%, that for HP was 8.6 Ϯ 0.4%, that for HP.1P was 8.3 Ϯ 0.3%, and that for HP1P was 12.7 Ϯ 1.1%, so it is unlikely that the higher consumption of SPP diet was due solely to moisture content and not to some aspect of food value.
Competition. The following relationships were evaluated:
1. Relationship between number of eggs per vial and proportion of eggs that became mature larvae. No relationship was observed between egg density and the proportion of those that became larvae (P ϭ 0.80) whether or not temperature was used as a factor, indicating that destruction of eggs or hatchlings by other larvae, if it occurred, was not densitydependent. No evidence of cannibalism was observed. 2. Relationship between larval density and total larval weight per vial (Fig. 2) . The total mass of larvae was strongly related to the number of larvae until Ϸ20 larvae per vial while at higher larval densities the relationship was much less clear. In the 25% of the vials in each experiment with the highest larval mass, no food remained, and average total larval mass, average larval density, and average individual weights of larvae and adults were calculated (Table 1) . 3. Relationship between larval density and average larval weight. When temperature was included in an ANOVA analysis, it had a signiÞcant effect (F ϭ 19.41; df ϭ 3, 62; P Ͻ 0.0001); in post hoc contrasts the only signiÞcant contrast was that between 24 and 28ЊC (P Ͻ 0.0001). To model the relationship, an exponential decay function, with a ϭ 28.09 Ϯ 0.83 and b ϭ 0.032 Ϯ 0.003, and c ϭ 0.88 Ϯ 0.94, was Þt to the data pooled across temperatures (F ϭ 801.1; df ϭ 1, 218; P Ͻ 0.0001; adj. r 2 ϭ 0.88) (Fig.  3) . The curve parameters also Þt temperature subsets with P Ͻ 0.001 in each case, with r 2 values ranging from 0.61 for the 32ЊC data to 0.93 for the 24ЊC data. 4. Relationship between average larval and adult weights. Temperature had a signiÞcant effect on the relationship (F ϭ 4.03; df ϭ 3, 220; P ϭ 0.0081) and post hoc tests showed that adult weights at 28ЊC were signiÞcantly greater than at 24ЊC (P ϭ 0.0118) or at 32ЊC (P ϭ 0.0254). Because pupae were all kept at 28ЊC, those effects resulted from temperature effects during the larval stage. Data pooled across temperatures Þt a linear regression (F ϭ 1446.98; df ϭ 1, 223; P Ͻ 0.0001) with r 2 ϭ 0.88 (Fig. 4) . 5. Relationship between average adult weight and emergence rate. The Cϩϩ program determined that the slope of the regression line between average adult weight per vial and transformed percentage emergence for vials with average weights of 11.6 mg or more (N ϭ 95) was not signiÞcantly different from zero (P ϭ 0.065); average emergence rate for those vials was 92.0% (SE Ϯ1.7). A regression line was Þt to the remaining data, i.e., vials with average adult weights Ͻ11.6 mg, and adult weight was signiÞcantly correlated with arcsine-transformed emergence rate (F ϭ 55.83; df ϭ 1, 138; P Ͻ 0.0001; r 2 ϭ 0.29) and the regression equation was y ϭ 0.0784x ϩ 0.471 (Fig. 5) . 6. No adult beetles weighing Ͻ6.0 mg at emergence were observed to lay eggs in either experiment.
Discussion
Competition for food during the development of insects is known to have important effects on larval and adult weight and on reproductive capability. Hirschberger (1999) observed that competition for food among dung beetles, Aphodius ater (Coleoptera: Scarabeidae) resulted in lower adult weights, and reduced egg numbers and total egg loads. Sato et al. (2004) examined the effects of competition on survival, development and reproduction of Dacne picta (Coleoptera: Erotylidae) that attacks shiitake mushrooms. They varied the number of larvae on a Þxed amount of resource, as was done here in the competition experiments, and observed that larval density was negatively correlated with adult size, and that adult size was correlated with life span and fecundity. Sato et al. (2004) noted that the "scramble" type competition at lower larval densities gave way to "contest" competition at higher densities, as was observed here.
Temperature, diet and competition, affected A. tumida growth and food consumption to varying degrees. The ratio of larva weight to food consumed, or the "conversion rate" from food to larval mass, was signiÞcantly higher at 24ЊC than at 28ЊC (Fig. 1) , a pattern observed in data from both consumption and competition experiments and possibly because of a lower metabolic rate at lower temperatures. Average conversion rates were numerically higher at 34ЊC than at 28Њ or 32ЊC but statistically there was no difference. Diet type did not play a large role in the amount of food consumed or in larval growth, apart from the low conversion rate associated with SPP diet. The lack of differences among diet treatments containing honey and natural pollen supports the view that the addition of brood to a pollen-based A. tumida diet has little impact on larval growth (Meikle and Patt 2011) .
In competition experiments, total larval weight per experimental vial was largely a function of the number Fig. 2 . Relationship between the number of larvae per vial, with 1.0 g of HP diet, and the total mass of larvae in milligrams when larvae were judged mature, across four temperatures. of larvae in the vial until that number exceeded the point at which the amount available to each larva was less than it could eat (Fig. 2) . After that point, at Ϸ20 larvae per vial, there is little relationship between the number of larvae and total larval weight. Because the amount of food provided was Þxed at 1.0 g HP per experimental unit, the conversion rate could be easily estimated for those vials in which all food was consumed. The conversion rates, calculated using data from the 25% of vials in each experiment with the highest larval masses, varied with respect to temperature in a manner similar to those calculated using consumption data described above. In contrast, competition experiment data were on average 0.13 Ϯ 0.03 lower than consumption experiment data (Fig. 1) . The lower conversion rates may be attributed to interactions with conspeciÞcs, including competition for food and feeding interference. These data are useful for establishing the reproductive potential of A. tumida given limited food supplies. Weights of A. tumida adults have been previously reported as 10.02Ð12.95 mg (de Guzman and Frake 2007) and 12.3Ð14.1 mg (Meikle and Patt 2011) , but neither of those studies examined competition effects. In this study we observed adult beetle weights from 2.8 to 16.2 mg and we observed no oviposition among adults weighing Յ6.0 mg. Thus, for simplicity, we assumed that the minimum weight necessary for a reproductive adult was 8.0 mg.
The minimum estimated weight that larvae would need to obtain to become a reproductive adult can be calculated by solving for larval weight in the regression equation in Fig. 4 . Using the curve generated from pooled temperature data, an adult of 8.0 mg should weigh 11.3 mg as a larva. By using the general regression equation in Fig. 3 (calculated using data across temperatures) and solving for larval number, we estimated that a minimum larval weight of 11.3 mg was achieved when larval density did not exceed Ϸ31.1 larvae per g diet, which translates to an average of at least 32.1 mg diet needed to produce an adult weighing at least 8.0 mg. In an outbreak infestation, with the collapse of the colony and with few or no bees to either defend food stores from beetles or replenish supplies, a hive frame containing 100 g pollen with at least 60 g honey (the proportions used for HP diet) could theoretically support the development to pupation of as many as 4984 larvae, each of which could become an adult weighing at least 8.0 mg. For adults smaller than Ϸ11.6 mg lower emergence rates also need to be considered. Using the regression equation in Fig. 5 , we would expect beetles weighing 8.0 mg to have an emergence reduction of Ϸ21%, giving a total of 3,938 adults. The same analysis using curves Þt to data within each temperature estimated beetle production from 3,191 at 28ЊC to 4,332 at 34ЊC. The same calculations for adults weighing 12.0 mg show a total adult production from 1,250 beetles at 24ЊC to 1,721 beetles at 34ЊC.
In the above analysis of an outbreak infestation, we assumed all the eggs were laid at once and all larvae had equal access to the food. More likely, the eggs would be laid over time and over the entire comb, with the Þrst egg batches having plenty of food and later batches having less, and with some eggs laid in closer proximity to food than others, resulting in a distribution of larval and adult weights. In addition, while the assumed amounts of pollen and honey were designed to match HP diet, those amounts may not conform to any given frame. The limiting food is probably the pollen rather than honeyÑ development of A. tumida larvae on honey alone has never been reportedÑ but honey adds carbohydrates and a higher honey:pollen ratio would probably increase the carrying capacity of a given amount of pollen. We did not include the possible effects of bee brood in the frame, which is also suitable food for A. tumida (de Guzman and Frake 2007, Ellis et al. 2002) . While some workers (e.g., Ellis et al. 2002, Meikle and Patt 2011) observed that A. tumida larvae and adults did not thrive on a diet solely of bee brood, which resulted in higher larval mortality and shorter adult lifespans, bee brood can be a good component of larval diet and its presence would increase the carrying capacity of a given frame.
Several relationships described here, that is, between larval density and larval weight, larval weight and adult weight, and adult weight and emergence, were modeled using simple curves that only have application over a certain range of values. The curve describing larval weight as a function of density shows increasing discrepancy at densities Ͼ60 per vial and larval weight itself appears to level off at a minimum value. Few larvae at high densities pupated; many appeared to arrest their development in the second or third instar. Those that did Þnish development did so probably because of chance events such as hatching a few hours earlier than their competitors and therefore having a slight advantage in terms of food acquisition. Similarly, the regression of adult weight on larval weight indicates that, at low values, adults would weigh more than the Þnal larval stages, which was never the case. Most likely, the adults that emerged from a given sample of low-weight larvae were the larger specimens of the sample, thus introducing a bias to the data. Likewise, while percentage adult emergence was transformed and linearly regressed on adult weight, the relationship clearly becomes nonlinear at some point and drops to zero emergence when adult weights are still positive. When adjustments were made to the datasets, that is, removing from the analysis data for vials with 60 or more larvae and for larvae that weigh Ͻ8 mg, the number of 8.0 mg adults predicted from hypothetical hive frame described above rose to Ϸ4,100 beetles.
This analysis is part of a larger study to determine the basic population growth potential of A. tumida in bee hives, and to identify the limits of that growth. Resource acquisition is an important component of population dynamics models (Gutierrez 1996) and these data are intended to aid in model development. Calculations of the estimated number of adults that could be produced from a single frame are overly simplistic to have direct application to Þeld results, but the data used in those calculations will be useful in generating a more realistic model of A. tumida population dynamics and in quantifying the effects of their interactions with honey bees.
